Cluster observations of high-frequency waves in the exterior cusp by Khotyaintsev, Y. et al.
Cluster observations of high-frequency waves in the
exterior cusp
Y. Khotyaintsev, A. Vaivads, Y. Ogawa, B. Popielawska, M. Andre´, S.
Buchert, P. De´cre´au, B. Lavraud, H. Re`me
To cite this version:
Y. Khotyaintsev, A. Vaivads, Y. Ogawa, B. Popielawska, M. Andre´, et al.. Cluster observations
of high-frequency waves in the exterior cusp. Annales Geophysicae, European Geosciences
Union, 2004, 22 (7), pp.2403-2411. <hal-00329336>
HAL Id: hal-00329336
https://hal.archives-ouvertes.fr/hal-00329336
Submitted on 14 Jul 2004
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de
recherche franc¸ais ou e´trangers, des laboratoires
publics ou prive´s.
Annales Geophysicae (2004) 22: 2403–2411
SRef-ID: 1432-0576/ag/2004-22-2403
© European Geosciences Union 2004
Annales
Geophysicae
Cluster observations of high-frequency waves in the exterior cusp
Y. Khotyaintsev1, A. Vaivads1, Y. Ogawa2, B. Popielawska3, M. Andre´1, S. Buchert1, P. De´cre´au4, B. Lavraud5, and
H. Re`me5
1Swedish Institute of Space Physics, Uppsala, Sweden
2Nagoya University, Japan
3Space Research Center, Warsaw, Poland
4LPCE/CNRS, Orleans, France
5CESR, Toulouse, France
Received: 8 October 2003 – Revised: 26 May 2004 – Accepted: 24 June 2004 – Published: 14 July 2004
Part of Special Issue “Spatio-temporal analysis and multipoint measurements in space”
Abstract. We study wave emissions, in the frequency range
from above the lower hybrid frequency up to the plasma fre-
quency, observed during one of the Cluster crossings of a
high-beta exterior cusp region on 4 March 2003. Waves are
localized near narrow current sheets with a thickness a few
times the ion inertial length; currents are strong, of the order
of 0.1–0.5µA/m2 (0.1–0.5 mA/m2 when mapped to iono-
sphere). The high frequency part of the waves, frequencies
above the electron-cyclotron frequency, is analyzed in more
detail. These high frequency waves can be broad-band, can
have spectral peaks at the plasma frequency or spectral peaks
at frequencies below the plasma frequency. The strongest
wave emissions usually have a spectral peak near the plasma
frequency. The wave emission intensity and spectral charac-
ter change on a very short time scale, of the order of 1 s. The
wave emissions with strong spectral peaks near the plasma
frequency are usually seen on the edges of the narrow current
sheets. The most probable generation mechanism of high fre-
quency waves are electron beams via bump-on-tail or elec-
tron two-stream instability. Buneman and ion-acoustic insta-
bility can be excluded as a possible generation mechanism of
waves. We suggest that high frequency waves are generated
by electron beams propagating along the separatrices of the
reconnection region.
Key words. Magnetospheric physics (magnetopause, cusp
and boundary layers) – Space plasma physics (wave-particle
interactions; magnetic reconnection)
1 Introduction
Magnetospheric cusps are the primary region of magne-
tosheath plasma entry; they are very dynamic regions with a
variable plasma structure (Haerendel and Paschmann, 1975).
Cusps are also associated with strong plasma wave activity
ranging from very low frequencies (Savin et al., 2004) up
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to electron-cyclotron and plasma frequencies (Pickett et al.,
2001). In most cases the source of the waves and their plasma
wave modes are still not known.
One can identify several magnetospheric regions when
satellites are crossing the high altitude cusp. One region
that stands out is the exterior cusp. This region has been
the subject of various terminology (Haerendel, 1978; Savin
et al., 2004; Lavraud et al., 2002). Here we define it as the
low magnetic field region located at large radial distances.
It has recently been shown as more or less stagnant under
northward IMF (Lavraud et al., 2002) while rather largely
convective under southward IMF (Cargill et al., 2004). It
often shows, however, disordered plasma flows and fields
(Haerendel, 1978; Savin et al., 2004) and transient flows as-
sociated with recently reconnected flux tubes (Khotyaintsev
et al., 2004).
We study waves inside the high altitude cusp in a wide fre-
quency range from above the lower hybrid frequency up to
the plasma frequency. Bursty whistler emissions with fre-
quencies between lower hybrid and electron-cyclotron fre-
quencies have been reported earlier, for example, from Polar
spacecraft (Pickett et al., 2001). Another kind of high fre-
quency waves that are often present have frequencies from
the electron-cyclotron up to the plasma frequency. These
waves can have spectral peaks near the plasma frequency
or have broad-band character. In most cases electron beams
have been suggested as the source of the waves (Pickett et al.,
2001). There are many studies theoretically and numerically
investigating possible ways to generate the waves described
above by drifting electrons or electron beams (Roth and Hud-
son, 1986; Watanabe and Oya, 1993). At the same time it is
necessary to have more detailed observations of the waves
and their plasma environment in order to answer the ques-
tions why the waves are so bursty, what is the temporal and
spatial development of the wave intensities and spectra, what
are the sources of the electron beams. This paper is a step in
this direction.
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Fig. 1. Location of Cluster spacecraft (marked by a black bar) in the magnetosphere at 09:35 UT: X–Z (right) and Y–Z (left) views and
Cluster configuration in GSE (lower panels). The figure is produced with Orbit Visualization Tool (http://ovt.irfu.se).
A reconnection region generally can be rather turbulent
and observations of electromagnetic waves in the vicinity of
it can provide important information about the physics of the
reconnection processes. Instabilities driving waves with fre-
quencies near the electron plasma frequency, such as bump-
on-tail and Buneman instabilities, provide information about
the electron dissipation. Electron holes, Langmuir and up-
per hybrid waves close to the reconnection X-line and sep-
aratrices are reported from simulations (Drake et al., 2003),
satellite observations at the magnetopause (Matsumoto et al.,
2003; Vaivads et al., 2004) and the magnetotail (Farrell et al.,
2002). Electrostatic instabilities, such as lower hybrid drift
instability (LHDI, Krall and Liewer (1971); Silveira et al.
(2002)), are commonly observed in association with recon-
nection current sheets. LHDI is observed in low-β regions
of the current sheet, but not in the center, where β is high
and the instability is suppressed (Horiuchi and Sato, 1999;
Rogers et al., 2000; Carter et al., 2002). In a high-β plasma
electromagnetic instabilities play the most important role.
One such instability is a modified two-stream instability
(MTSI) (Krall and Liewer, 1971; Wu et al., 1983; Silveira
et al., 2002), which results from a relative drift of magnetized
electrons and unmagnetized ions (vd∼VA). Recently, Ji et al.
(2004) reported on the correlation of whistler waves driven
by MTSI and the enhancement of reconnection rates in a
high-β laboratory plasma. Observation of enhanced whistler-
mode waves in association with a reconnection event on the
dayside magnetopause was reported by Deng and Matsumoto
(2001).
In this paper we present a multipoint observation of wave
emissions in the high altitude cusp region, where wave fre-
quencies are between the lower hybrid and electron plasma
frequencies. We analyze the spectral character of these
waves, the location of the most intense wave emissions with
respect to narrow current sheets, and discuss how details of
the observations are consistent with the reconnection hypoth-
esis.
2 Observations
We are studying a high altitude cusp observed by Cluster at
the dusk flank on 4 March 2002. The location of Cluster
spacecraft, their configuration and the model magnetospheric
field (T2001 model Tsyganenko (2000)) are shown in Fig. 1.
Cluster enters the high latitude cusp at 08:50 UT and exits
to the magnetosheath at 09:50 UT. The IMF, as observed
by ACE, was primarily duskward (By∼12 nT), and gener-
ally northward (5 nT) with a small southward excursion after
09:40 UT. Our primary interest is a time interval 09:39:00–
09:40:30 UT when several of the most intense high frequency
wave emissions during the whole cusp passage are observed.
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Fig. 2. Overview of the cusp/exterior cusp region observed by Cluster 3 during period 09:30–09:50 UT. Panels from top to bottom show: (a)
ion spectrogram, (b) the magnetic field magnitude, (c) plasma density derived from the spacecraft potential, (d) ion flow velocity. The blue
shaded region marks the time interval presented in Fig. 3. The yellow bars mark the FTEs.
An overview of an outbound crossing of the cusp region
by Cluster 3 is shown in Fig. 2. Panels from top to bottom
show: (a) ion spectrogram for all pitch angles measured by
HIA (Re`me et al., 1997), (b) the magnetic field magnitude
measured by FGM (Balogh et al., 1997), (c) plasma den-
sity derived from the spacecraft potential measured by EFW
(Gustafsson et al., 1997), (d) ion flow velocity measured by
HIA (Re`me et al., 1997). The exit to the magnetosheath can
be identified at ∼09:49 UT, when the plasma flow becomes
tailward (−X GSE) with a positive Y component (which is
expected on the dusk flank). The region preceding the mag-
netosheath can be, for the most part, identified as exterior
cusp.
The most varying quantity in Fig. 2 is the magnitude of
the magnetic field B. We can identify three characteristic
levels of |B|: magnetospheric level where |B|∼35−40 nT ,
and levels where |B| is below and above the magnetospheric
level. The regions where |B|∼35−40 nT have a magnetic
field direction close to the magnetic field expected for the
magnetosphere (By<0, Bz<0). The regions of low mag-
netic field can be identified as exterior cusp. They are sep-
arated from magnetospheric regions by the magnetopause
(current sheet). The exterior cusp is filled with high-β plasma
which is primarily stagnant or flowing sunward. The regions
where the magnetic field magnitude is above the magneto-
spheric level, |B|>40 nT, contain plasma which flows tail-
ward but at the same time has significant velocity compo-
nent in −Y GSE direction, which is in opposite direction
with respect to the IMF By component. This direction is
expected for the flux tubes that are being dragged around
the magnetosphere after reconnection. These regions can be
interpreted as encounters of transient flows associated with
recently reconnected flux tubes (flux transfer events, FTEs,
Paschmann et al. (1982)), produced by transient magnetic
reconnection on the dusk flank, where the magnetosheath
field (having large positive By) is close to being antiparal-
lel to the magnetospheric field. Two examples of the FTEs
be seen at ∼09:38:30 and ∼09:42:30 UT (marked by yellow
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Fig. 3. Detailed view of the cusp/exterior cusp region observed by Cluster 3 during period 09:38–09:41 UT. Panels from top to bottom show:
(a) plasma density derived from the spacecraft potential, (b, c) the magnetic field magnitude and components, (d) ion flow velocity (full from
HIA, solid line, and E×B, dotted line), (e) plasma β, (f) spectra of the electric field in 2–80 kHz range and the upper hybrid frequency, (g)
spectra of the magnetic field in 8–4000 Hz range and the electron-cyclotron frequency. The shaded regions mark the time intervals presented
in Fig. 4.
bars in Fig. 2). The high magnetic field amplitudes inside the
FTEs are similar to the magnetic field amplitude observed in
the magnetosheath; see Fig. 2 after 09:49 UT. However, the
direction of the magnetic field inside the FTEs (large nega-
tive By component) is different from the one in the magne-
tosheath (where one expects positive By), and thus, the re-
gions which we define as FTEs cannot be simply interpreted
as encounters of the magnetosheath. The FTEs are filled with
magnetosheath-like plasma and have a flow direction driven
by IMF By (perpendicular flow in −Y GSE) and the mag-
netosheath flow (parallel flow in −X GSE). The FTEs are
separated by a region of high-β plasma of the exterior cusp
which is flowing sunward.
We look in more detail at the time interval 09:38–
09:41 UT, the shaded region in Fig. 2. This time inter-
val contains regions with all three different levels of B; the
overview of this time interval is shown in Fig. 3. The rea-
son why we have chosen this time interval is that within it
we observe among the strongest high frequency waves emis-
sions during the whole high altitude cusp passage. Panels
from top to bottom show: (a) plasma density derived from
the spacecraft potential measured by EFW, (b, c) the mag-
netic field magnitude and components measured by FGM,
(d) ion flow velocity (HIA, solid line) and E×B from EFW
(dotted line), (e) plasma β (ion β), (f) spectra of the electric
field in 2–80 kHz range measured by WHISPER instrument
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Fig. 4. Two events of enhanced high-frequency waves observed in association with strong localized current sheets. Panels show (a) largest
varying component of the magnetic field, (b) integrated spectra of the electric field in a range 2–80 kHz observed by all Cluster spacecraft
and (c) spectra of the electric field observed by Cluster 3.
(Decreau et al., 1997) co-plotted with the upper hybrid fre-
quency, (g) spectra of the magnetic field in 8–4000 Hz range
measured by STAFF-SA (Cornilleau-Wehrlin et al., 1997)
co-plotted with the electron-cyclotron frequency. We note
that during this event the upper hybrid frequency fuh is
nearly identical to the electron plasma frequency fpe because
of the low electron-cyclotron frequency fce∼0.2–1 kHz.
We would like to concentrate on bursts of high-
frequency waves close to the plasma frequency seen on
in Fig. 3f. We see several such bursts at 09:37:55,
09:39:05–09:39:15, 09:39:40–09:39:45, 09:40:15–09:39:25
and 09:42:50–09:39:43:00 UT. Some of these bursts
(09:37:55, 0939:05–09:39:15, 09:42:50–09:39:43:00 UT)
are located at the edges of the FTEs, with boundaries sep-
arating regions of high magnetic field |B|>40 nT and sig-
nificant plasma flow. Other bursts of high-frequency waves
(09:39:40–09:39:45 and 0940:15–09:39:25 UT) are located
at the boundaries of high-β exterior cups region.
Figure 3g shows electromagnetic activity as measured by
the STAFF instrument in a frequency range up to 4 kHz,
which is several times the electron-cyclotron frequency.
Bursty emissions with spectral peaks at frequencies below
the electron-cyclotron frequency are seen throughout the
cusp. These emissions can be identified as whistlers be-
cause of their right-hand polarization (not shown). Some
of the whistler emissions (09:37:55, 09:39:15, 09:40:22,
09:42:55 UT) are correlated with the high frequency wave
emissions.
Figure 4 shows two of the strongest events of waves at fre-
quencies up to the plasma frequency seen by WHISPER at
09:39:15 and 09:40:15 UT (shaded regions in Fig. 3). Both
events are related to narrow current sheets with a thickness
of about one ion inertial length λi=c/ωpi , and have corre-
lated enhancements of intensity of whistler waves (Fig. 3g).
The geometry of the current sheets is complicated and 3-
dimensional; there are significant differences between the
spacecraft even on such a small separation as 100 km. We
cannot easily apply methods which assume a planar current
sheet, such as minimum variance and timing, to characterize
these current sheets.
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The first event (09:38:50–09:39:30 UT) is related to the
boundary of the first FTE. Surrounding plasma has β∼3 and
a decaying flow in the−Y GSE direction, and the magnitude
of the magnetic field is decreasing from |B|∼70 nT down to
∼30 nT. The spacecraft cross a narrow current sheet several
times, seen as in the changes of By in Fig. 4a. We see large
differences in the magnetic field between the spacecraft. This
allows us to conclude that the scale of the current sheet is def-
initely below the spacecraft separation (100 km, λi∼60 km),
as Cluster 3 sees the field direction which is opposite to the
other spacecraft. A good minimum variance exists for Clus-
ter 3, which shows the presence of a magnetic field compo-
nent (∼5 nT) in the direction of minimum variance. This may
indicate that the observed current sheet is a rotational discon-
tinuity, but this result cannot be fully trusted because of the
actual complicated structure of the crossing. The magnetic
field remains rather large in the center of the current sheet
(∼20 nT), and thus a large fraction of the observed current
is field-aligned. The high-frequency waves are concentrated
close to the currents, but have a minimum in the center, which
is best seen as a gap in the integrated wave energy for Clus-
ter 3 (green line on panel (b), Fig. 4) at 09:39:16 UT. Spectra
of the emissions differ significantly, some of which have a
single peak at the electron plasma frequency (09:39:04 UT),
other are more broad-band (09:39:16 UT).
During the second event (09:40:10–0940:25 UT) all space-
craft cross a localized current sheet at∼09:40:18 UT, seen as
a strong change in Bx and an associated depression of total
B. Cluster 1 observes a significantly different situation from
the others. The current sheet is embedded in plasma with
β>10. The magnetic field shear is ∼150 ◦ and its magnitude
drops significantly in the center of the region; the minimum
values go as low as 1 nT (at Cluster 4). In the center of the
current sheet where the magnitude of B is very low, plasma
β is ∼70. The direction of the surrounding plasma flow is
primarily sunward without any clear relation to the IMF By
direction. Wave activity in a frequency range from the lower
hybrid up to the electron plasma frequency is strongly en-
hanced in the vicinity of the current sheet.
Understanding the orientation of the current sheet is rather
complicated in this case. The largest and smallest variations
of the magnetic field are seen in the GSE X and Y com-
ponents, respectively. This can be verified with minimum
variance analysis (MVA), which shows the existence of good
quality MV frame for Cluster 2, 3, and 4, with a ratio of
intermediate to minimum eigenvalue >10. Magnetic fields
observed by Cluster 2, 3, and 4 are similar and can be easily
shifted in time to overlap. However, the magnetic field seen
by Cluster 1 is significantly different and cannot be uniquely
aligned with the rest of the spacecraft. One of the possible
directions of the normal to the current sheet which can be
derived from the measurements on all four spacecraft is ob-
tained by aligning the maximum varying component of the
magnetic field (Bx , aligning the current sheet in general) and
wave energy measured by WHISPER. Such alignment yields
a normal velocity of the current sheet of Vn=55−70 km/s, re-
sulting in a scale of the current sheet of 330–350 km or∼6λi
(λi∼60 km).
Main wave activity seen in a frequency range above 2 kHz
(panels (b) and (c) in Fig. 4) is concentrated, as for the first
event, at the edges of the current sheet. This can be best
seen at Cluster 1, which enters the sheet slower than the other
spacecraft and stays at the edge for a longer time, and sees the
enhanced waves during all this time. We would like to em-
phasize that these HF waves observed at 09:40:15 UT have
the largest amplitude during the whole cusp crossing of∼1 h.
3 Discussion
We have presented observations of different kinds of
high-frequency waves that are present in the high-latitude
cusp/magnetopause region during one event. This magne-
tospheric region is characterized by a relatively low magni-
tude of the magnetic field and dense plasma, so that the elec-
tron plasma frequency and the upper hybrid frequency are
close to each other and are well above the electron-cyclotron
frequency (fuh∼fpefce). The ion plasma frequency is of
the order of the electron-cyclotron frequency (a few hundred
Hz). During the event that we study, there are no time series
data of high frequency emissions (events where such infor-
mation is available is a topic of our future studies), and also,
the polarization properties of high frequency waves cannot be
estimated. A typical extent of the emissions is ∼1 s, which
is shorter than the satellite spin period and the temporal res-
olution of particle distribution functions. Therefore, reliable
electron distribution functions from the regions of emissions
are not available. Thus, we have to base our analysis and
speculations only on wave spectral information.
During this event, the strongest emissions in a frequency
range above the electron-cyclotron frequency usually have
either a spectral peak near the electron plasma frequency, or
a spectral peak at frequencies well below the electron plasma
frequency, or broad-band spectra; see examples in Fig. 4c.
Different types of wave emissions can be seen just within
a few seconds next to each other or even at the same time.
Some of these kinds of spectra have been reported earlier, for
example, at magnetopause (Matsumoto et al., 2003; Vaivads
et al., 2004) and in the magnetotail (Omura et al., 1996; Far-
rell et al., 2002). In earlier studies the different kind of waves
have been identified as electron-acoustic, ion-acoustic, Bune-
man, Langmuir or upper hybrid waves. It has been identified
from the time series measurements that in some cases the
broad-band spectra can be due to electron holes (Cattell et al.,
2002; Matsumoto et al., 2003).
All of the proposed mechanisms for the generation of
high frequency waves gain energy either from the drift
of electrons with respect to ions (Buneman, ion-acoustic
instabilities) or from the drift of one electron population
with respect to another (two-stream, electron-acoustic, weak-
beam, bump-on-tail instabilities). Typically under the con-
ditions of dense plasma (fpefce) weak electron beams
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or bump-on-tail distributions would generate upper hybrid
waves at oblique propagation angles, and Langmuir waves
and electron-acoustic waves propagating parallel to the am-
bient magnetic field (Roth and Hudson, 1986). For strong
electron beams the electron-acoustic waves can start to dom-
inate resulting in spectrum that extends only up to fpe (Gary
and Tokar, 1985). Typically, electron-acoustic waves are ob-
served at frequencies that are near the plasma frequency of
the cold (non drifting) population of electrons. The electron-
acoustic waves can evolve into electron holes (Berthomier
et al., 2000), leading to broad-band spectra. In the case of
a Buneman instability, where electrons move with respect
to ions, lower frequency waves of the broad-band charac-
ter are generated. Electron or ion-holes can also be formed
in this case. The missing electron distribution function data
does not allow us to observationally identify the free energy
source; however, for us it is important that, in principle, all
high frequency wave emissions are local electrostatic insta-
bilities that do not propagate far from the generation region;
only slight changes in the electron distribution or electron
beam strength can create different type of spectra that are
seen in our observations.
The high frequency emissions are seen throughout the
cusp but the strong emissions are very localized and few.
Burst of the wave emissions, which are several second long,
are registered approximately once per minute. Most of the
strongest emissions that we observe have spectral peaks near
the plasma frequency. There are cases when there are no
spectral peak near the plasma frequency, but the integrated
wave energy suggests strong wave power, e.g. 09:39:00 UT
in Fig. 4. In these cases there can be strong waves near the
plasma frequency which are not registered, because the spec-
tral information (which is not continuously sampled) hap-
pened to be sampled just before or after the region of strong
waves. There are also regions of strong broad-band waves
that can be seen both in Figs. 3 and 4. Both figures also
suggest that broad-band spectra and spectra with peaks near
the plasma frequency are often anticorrelated in time, i.e. ei-
ther the strong Langmuir or strong broad-band emissions are
present, but not both at the same time. In our events we can-
not distinguish Langmuir and upper-hybrid waves because
the polarization information is missing.
The high frequency emissions are observed near strong
narrow current sheets; thus, the first thing is to test how
important are the current driven instabilities. When we ap-
ply the curlometer technique (not shown) we see that cur-
rents within the current sheets in Fig. 4 can reach values
up to 0.5µA/m2. The component of the current parallel
to the magnetic field can be as high as 0.25µA/m2. For
typical plasma parameters of density n=10 cm−3 and cur-
rent density j=0.2µA/m2 we obtain an electron drift veloc-
ity of ∼125 km/s. This corresponds to a velocity of 80 eV
proton which is well below the thermal velocity of protons.
The proton temperature is a few hundred of eV up to 1 keV
and thus for the electron drift to be larger than the ion ther-
mal velocity the currents should be at least ∼1µA/m2. We
cannot exclude the existence of such currents at separations
outflow
High-frequency 
waves
spacecraft 
path
separatrix
Fig. 5. Schematic of a reconnection region crossing by a spacecraft.
well below the Cluster separation, as the curlometer tech-
nique shows only the average current on the Cluster separa-
tion scale. While the observed currents of ∼0.25µA/m2 are
strong currents, and they would correspond to very strong
currents of ∼0.25 mA/m2 when mapped to the ionosphere,
it does seem that locally these strong currents are not the
source of the high frequency emissions. The observations
of the high frequency emissions usually at the edges of the
current sheets additionally confirm this result. Thus, it seems
that high frequency waves are related to the strong narrow
current sheets but are not generated by them.
One model that explains reasonably well the above dis-
cussed properties of the waves is the presence of reconnec-
tion processes close to the satellites. A schematic of the
region (near or far away from the X-line) is presented in
Fig. 5, where an example satellite trajectory is marked by
a dashed line. Electron beams at the separatrices of the
reconnection region will generate HF waves which are ob-
served by satellite. Such electron beams streaming toward
the X-line along the separatrices have been seen in simu-
lations (Hoshino et al., 2001) and satellite data (Fujimoto
et al., 1997; Nagai et al., 2001; Oieroset et al., 2001). We
must mention that observation of such electron beams is not
possible for the events studied, as the observed structures are
rather short and cannot be resolved by particle instruments.
The complicated (turbulent) structure of the observed cur-
rent sheets does not allow us to show directly whether there
is local reconnection taking place. However, some of the cur-
rent sheets are observed at the edges of the FTEs which also
suggests the presence of electron separatrices connected to
the X-line.
The lower frequency electromagnetic activity with fre-
quency extending from the lower hybrid frequency (<10 Hz)
up to the electron-cyclotron frequency (∼0.2–1 kHz), pre-
sented in Fig. 3g, correlates with HF activity. Polarization
of these waves is mainly right-handed; thus, the waves can
be identified as right-hand polarized whistlers. A similar
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observation of whistler waves in high-β cusp was made by
Polar spacecraft (Pickett et al., 2001). The source of the
waves was related to the outflow region of the reconnec-
tion site. Ji et al. (2004) have observed right-hand polarized
whistler inside the current sheet, which propagates along the
current sheet, and becomes trapped in the perpendicular di-
rection, in a high-β laboratory plasma. Generation of such
whistler waves in a high-β plasma can be attributed to MTSI
(modified two stream instability), caused by perpendicular
currents. MTSI arises due to relative cross-field drift of un-
magnetized ions and magnetized electrons. Ions are unmag-
netized on a typical scale of a current sheet ∼λi<ρi , and
instability is excited at drift velocities exceeding the local
Alfve´n velocity. The electron drift velocity of ∼125 km/s
seen in our case is typically larger or comparable to the local
Alfve´n velocity, and thus MTSI can be excited by the ob-
served currents.
4 Summary and conclusions
We have analyzed in detail an event on 4 March 2002,
where Cluster spacecraft, being located at close separation
(∼100 km), cross the cusp/exterior cusp region. The obser-
vations show enhancements of wave activity in a frequency
range from the lower hybrid up to the upper hybrid fre-
quencies. The enhancements are localized at narrow current
sheets on a scale of several ion inertial lengths. These current
sheets are associated with boundaries separating different re-
gions, such as FTEs, magnetosphere and exterior cusp. The
intensity of the currents ∼0.25µA/m2 is rather high if com-
pared to the typical intensities observed at the magnetopause
∼50 nA/m2 (Dunlop et al., 2002), and would correspond to
very strong currents of ∼0.25 mA/m2 when mapped to the
ionosphere.
Wave emissions in a frequency range extending from the
electron-cyclotron frequency up to the plasma frequency can
be both broad-band and more localized in frequency. The
strongest waves usually have a peak near the plasma fre-
quency. Some of the spectra have a second peak at half of
the plasma frequency. The emission intensity and spectral
character are bursty; they change on a time scale below 1
sec. We have also observed intensification of electromag-
netic waves below the electron-cyclotron frequency, which
have some correlation with HF waves, but are observed more
frequently. These wave are right-hand polarized whistlers.
The waves in the plasma frequency range can be Lang-
muir or upper hybrid waves. Spectral peaks at lower frequen-
cies indicate the presence of electron-acoustic waves. Broad-
band spectra can also be produced by electron-acoustic
waves, or coherent structures (electrostatic solitary waves,
electron holes). These waves can be generated by electron
beam or current instabilities. The resolution of particle in-
struments does not allow us to resolve this point. Estimates
of the electron drift velocities from the current (obtained by
curlometer technique) give values lower than the electron and
ion thermal velocities. Thus, Buneman and ion-acoustic in-
stabilities can be excluded as a possible generation mech-
anism of waves. Therefore, the most probable generation
mechanism is electron beams via bump-on-tail or electron
two-stream instability.
Strong wave activity close to the plasma frequency are ob-
served at the edges of the current sheets.
We suggest that the observations of high-frequency waves
is related to electron separatrices of a reconnection region.
In this case one expects strong localized currents, and elec-
tron beams along the separatrices located at the edges of
these currents. We cannot determine from the data whether
the reconnection is going on locally, but see the enhance-
ments of wave activity at the boundaries, which one expects
to be related to reconnection, such as edges of FTEs and the
cusp/exterior cusp boundary. Our observations of high fre-
quency waves are similar to the observations of upper hybrid
waves along the separatrices in the geomagnetic tail (Farrell
et al., 2002) and magnetopause (Vaivads et al., 2004).
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